The microbial cleavage of dimethylsulfoniopropionate (DMSP) generates volatile DMS through the action of DMSP lyases and is important in the global sulfur and carbon cycles. When released into the atmosphere from the oceans, DMS is oxidized, forming cloud condensation nuclei that may influence weather and climate. Six different DMSP lyase genes are found in taxonomically diverse microorganisms, and dddQ is among the most abundant in marine metagenomes. Here, we examine the molecular mechanism of DMSP cleavage by the DMSP lyase, DddQ, from Ruegeria lacuscaerulensis ITI_1157. The structures of DddQ bound to an inhibitory molecule 2-(N-morpholino)ethanesulfonic acid and of DddQ inactivated by a Tyr131Ala mutation and bound to DMSP were solved. DddQ adopts a β-barrel fold structure and contains a Zn 2+ ion and six highly conserved hydrophilic residues (Tyr120, His123, His125, Glu129, Tyr131, and His163) in the active site. Mutational and biochemical analyses indicate that these hydrophilic residues are essential to catalysis. In particular, Tyr131 undergoes a conformational change during catalysis, acting as a base to initiate the β-elimination reaction in DMSP lysis. Moreover, structural analyses and molecular dynamics simulations indicate that two loops over the substratebinding pocket of DddQ can alternate between "open" and "closed" states, serving as a gate for DMSP entry. We also propose a molecular mechanism for DMS production through DMSP cleavage. Our study provides important insight into the mechanism involved in the conversion of DMSP into DMS, which should lead to a better understanding of this globally important biogeochemical reaction.
The microbial cleavage of dimethylsulfoniopropionate (DMSP) generates volatile DMS through the action of DMSP lyases and is important in the global sulfur and carbon cycles. When released into the atmosphere from the oceans, DMS is oxidized, forming cloud condensation nuclei that may influence weather and climate. Six different DMSP lyase genes are found in taxonomically diverse microorganisms, and dddQ is among the most abundant in marine metagenomes. Here, we examine the molecular mechanism of DMSP cleavage by the DMSP lyase, DddQ, from Ruegeria lacuscaerulensis ITI_1157. The structures of DddQ bound to an inhibitory molecule 2-(N-morpholino)ethanesulfonic acid and of DddQ inactivated by a Tyr131Ala mutation and bound to DMSP were solved. DddQ adopts a β-barrel fold structure and contains a Zn 2+ ion and six highly conserved hydrophilic residues (Tyr120, His123, His125, Glu129, Tyr131, and His163) in the active site. Mutational and biochemical analyses indicate that these hydrophilic residues are essential to catalysis. In particular, Tyr131 undergoes a conformational change during catalysis, acting as a base to initiate the β-elimination reaction in DMSP lysis. Moreover, structural analyses and molecular dynamics simulations indicate that two loops over the substratebinding pocket of DddQ can alternate between "open" and "closed" states, serving as a gate for DMSP entry. We also propose a molecular mechanism for DMS production through DMSP cleavage. Our study provides important insight into the mechanism involved in the conversion of DMSP into DMS, which should lead to a better understanding of this globally important biogeochemical reaction.
DMSP lyase DddQ | DMSP lyase structure | DMS generation | DMSP cleavage mechanism | marine bacteria T he compatible solute dimethylsulfoniopropionate (DMSP) is produced worldwide in a large amount, ∼10 9 tons per annum, mainly by marine phytoplankton and macroalgae; thus, this compound is a major participant in the global sulfur and carbon cycles (1, 2) . Some DMSP is broken down by the algae producing it (3), but it is primarily catabolized by marine bacteria via two pathways, the demethylation pathway and the cleavage pathway (4) . In the demethylation pathway, DMSP is demethylated and the methylmercaptopropionate generated is subsequently demethiolated to release methanthiol, providing the marine microbial food web a source of reduced sulfur (4) . In the cleavage pathway, DMSP is cleaved by DMSP lyases to generate DMS, an environmentally important gas, and acrylate (or 3-hydroxypropionate) (5) . DMS is the major form of biogenic sulfur that enters the atmosphere from the oceans (6) . Some 300 Tg of DMS is annually produced by microbial activities, about 10% of which is transferred from oceans to the atmosphere (7, 8) . DMS in the atmosphere can be photochemically oxidized into DMSO or sulfate aerosols (9) , which can scatter solar radiation directly and also form cloud condensation nuclei that influence the reflectivity of clouds and thereby global temperature (9, 10) . These sulfurous compounds can return to the Earth's surface via rain or snow and thus complete the global sulfur cycle from marine to terrestrial environments (1, 9) . Thus, bacterial DMSP cleavage has important influences on climate and ocean-atmosphere sulfur flux.
Six DMSP lyases that participate in the cleavage pathway have been identified to date, including DddY, DddD, DddP, DddQ, DddL, and DddW. Most DMSP lyase genes exist in members of marine alpha proteobacterial Roseobacter spp. and their close relatives, but they are also the subject of horizontal gene transfer and exist in all other classes of proteobacteria and indeed some ascomycete fungi (9) . With the exception of DddD that cleaves DMSP into DMS and 3-hydroxypropionate, all of the other DMSP lyases generate DMS and acrylate from DMSP. DMSP lyases are generally cytoplasmic proteins, the exception being DddY that is located in the bacterial periplasm (5, 8, (11) (12) (13) (14) . DddY (∼46,000 Da) has no overall similarity to any polypeptide with known function (12) . DddD proteins (∼93,000 Da) belong to class III CoA transferase family (5) . DddP (∼50,000 Da) is a member of the M24B family (13) , and DddQ, DddL, and DddW are all small proteins (16,000-26,000 Da) that contain a conserved cupin motif (8, 9, 11, 14) and therefore belong to the cupins, a superfamily of functionally diverse proteins (15) . In the Global Ocean Sampling data set, the DddQ and DddP genes are more abundant than the DddD and DddL genes, indicating that the DddQ and DddP genes have widespread distributions and play important roles (12) . Despite the identification of numerous Significance DMS is an important participant in the global sulfur and carbon cycles. DMS oxidation products cause the formation of cloud condensation nuclei and hence may influence weather and climate. DMS is produced through the cleavage of dimethylsulfoniopropionate (DMSP) mainly by marine bacterial DMSP lyases. The molecular mechanism of DMSP cleavage to generate DMS remains unclear. In this study, the crystal structure of DddQ, a DMSP lyase, was solved, and detailed biochemical and structural analyses were performed. Our results also provided a foremost insight into the catalytic mechanism of the DMSP cleavage reaction. This study offers a better understanding of how marine bacteria cleave DMSP to generate the climatically important gas DMS.
DMSP lyases, there have been no detailed studies of their molecular mechanisms converting DMSP into DMS.
In this study, we cloned and expressed a DddQ gene from Ruegeria (previously Silicibacter) lacuscaerulensis ITI_1157, which was isolated from the Blue Lagoon in Iceland (9, 16, 17) . The recombinant DddQ was characterized, and the crystal structures of DddQ and of DddQ inactivated by a Tyr131Ala mutation and bound to DMSP (Tyr131Ala/DMSP complex) were solved. The molecular mechanism of DMS production through DMSP cleavage was revealed by structural analyses, molecular dynamics (MD) simulations, and mutational assays.
Results and Discussion
Expression and Characterization of DddQ from R. lacuscaerulensis ITI_1157. Full-length dddQ was cloned from R. lacuscaerulensis ITI_1157. The gene contains 579 nucleotides and encodes a protein of 192 amino acid residues. As a member of the cupin superfamily, this DddQ enzyme has a conserved cupin domain. It has 31-57% identity with the other reported DddQ lyases. Recombinant DddQ with a C-terminal His tag was expressed in Escherichia coli BL21 (DE3) and purified. After three chromatographic separations using Ni
2+
-NTA resin, anion ion exchange chromatography, and gel filtration, all impurities were removed except for a slight band below the main band of DddQ (Fig. 1A) .
The optimal pH for DddQ enzyme activity was 8.0 (Fig. 1B) , and the optimal temperature was ∼30°C (Fig. 1C ). Among the seven tested metal ions, Mn 2+ and Co 2+ dramatically activated the enzymatic activity of DddQ, whereas Zn 2+ almost completely abolished its activity (Fig. 1D) . Among all of the DMSP lyases, only two have been purified and characterized. The DddP from Roseovarius nubinhibens has an optimal pH of 6.0 and an optimal temperature of ∼60°C (18) . The DMSP lyase from Alcaligenes faecalis M3A is identified to be a DddY (12) and has an optimal pH of 8.0 and an optimal temperature of 37-40°C (19) . Although these proteins all convert DMSP to produce the same products, DddP, DddY, and DddQ have quite different structures, which may result in different enzymatic properties.
Overall Structure of DddQ. To study the catalytic mechanism of DddQ, we first determined the crystal structure of WT DddQ to 1.60 Å. To get a structure of DddQ bound to DMSP, several mutants were constructed according to the structure of WT DddQ, and an inactive mutant Tyr131Ala was obtained. The Tyr131Ala/DMSP complex was crystallized, and its structure was determined to 2.70 Å (Table S1 ). The structures of WT DddQ and the Tyr131Ala/DMSP complex were nearly identical, with a rmsd of 0.273 Å, indicating that the site-directed mutation Tyr131Ala had little impact on the overall structure of DddQ. Because the structure of WT DddQ had a much higher resolution, the structural analyses of DddQ described below are based on the structure of WT DddQ unless otherwise noted.
Two molecules of DddQ are arranged as a dimer in the asymmetric unit. Each molecule includes five α-helices and eight β-sheets ( Fig. 2A) . The eight antiparallel β-strands form a β-barrel fold structure, which is typical of proteins belonging to the cupin superfamily (20) . The substrate-binding pocket is surrounded by the β-barrel fold. Our gel filtration analysis showed that DddQ maintains a monomeric state in a liquid environment (Fig. 2B ), indicating that the dimeric DddQ observed in the structure results from crystal packing. Thus, single DddQ molecules were structurally analyzed. Among all DMSP lyases belonging to the cupin superfamily, only the structure of RnDddQII from R. nubinhibens ISM has been deposited in the Protein Data Bank (PDB code: 4B29). As their sequences have 44% identity, the DddQ lyases from R. lacuscaerulensis ITI_1157 and RnDddQII have similar structures.
The electron density map of DddQ shows that a 2-(N-morpholino)ethanesulfonic acid (Mes) molecule is located in the substrate-binding pocket of DddQ (Fig. 2C ). This compound was from the buffer for DddQ crystallization, which contained 0.1 M Mes. Comparison of the structures of WT DddQ and the Tyr131Ala/DMSP complex revealed that the Mes molecule is located in the same position as DMSP. As Mes has a sulfonic acid group that shares some similarities with the carboxyl group of DMSP, we speculate that Mes, as a structural analog of DMSP, may be a competitive inhibitor for DddQ, which was confirmed by our biochemical results. DddQ enzyme activity was reduced by increasing concentrations of Mes, and 90% reduction was seen with the addition of 10 mM Mes (Fig. 2D) .
A characteristic of cupin superfamily proteins is that they contain a metal ion in their active sites. In most proteins, this ion is iron, but copper, zinc, nickel, cobalt, and manganese are occasionally present (20) . The electron density map of DddQ indicates that there is also a metal ion in its active site. Atomic absorption spectroscopy (AAS) analysis showed that only Zn was present, occupying ∼42% of the DddQ molecules. None of the other elements, Cu, Fe, Mn, Cr, or Cd, were detected. Therefore, DddQ is probably a zinc metalloenzyme containing a Zn 2+ ion in the active site (Fig. 2C ). It has been reported that the enzyme activity of zinc metalloenzymes can be inhibited by excess Zn , usually increased or decreased the enzyme activity of zinc metalloenzymes by means of substitution of the catalytic Zn 2+ (22, 24) . As DddQ is a zinc metalloenzyme, it is possible that the enzyme activity of DddQ is inhibited by excess Zn 2+ and activated by Mn 2+ and Co 2+ by similar mechanisms (Fig. 1D ).
Gating Function of Loop 1 (Lys74-Thr78) and Loop 2 (Asn184-Arg188)
in DddQ for Substrate Entry. The DddQ structure was further analyzed to determine the substrate entry mechanism. We could observe part of the Mes molecule in the electrostatic surface representation (Fig. 3A) . After the transparency of the surface was set to 40%, the complete Mes molecule was observed (Fig.  3B ). However, we noticed that the entrance for the substrate in the DddQ crystal structure was rather constricted. Two loops (loop 1: Lys74-Thr78 and loop 2: Asn184-Arg188) hover above the binding pocket, suggesting these loops have a gating function in substrate entry (Fig. 3C) . To confirm the function of loops 1 and 2, we performed an MD simulation for WT DddQ with the Mes molecule removed, with a particular focus on these two loops. The structure of DddQ without Mes was obtained after an MD simulation for 50 ns. The space between loops 1 and 2 tended to be larger during the 50 ns of dynamic motion (Movie S1). Superimposition of the structures of DddQ before and after the MD simulation showed that loop 1 moves 1.2 Å and loop 2 moves 2.4 Å, with these movements moving the loops apart (Fig. 3D) . The dynamic motion of these two loops leads to an enlargement of space between them, making it possible for a DMSP molecule to enter into the binding pocket of DddQ. Therefore, loops 1 and 2 likely serve as a gate for substrate entry into DddQ that can alternate between "open" and "closed" states. In the open state, the space between the two loops is sufficiently large for DMSP entry. After DMSP enters the binding pocket, loops 1 and 2 move close to each other and form the closed state, which may promote the subsequent lysis of DMSP. As soon as the catalytic reaction is finished, loops 1 and 2 return to the open state to release the products and prepare for the next reaction.
Important Roles of the Hydrophilic Residues in the Active Site of DddQ in DMSP Lysis. The metal ions in the active sites of enzymatic cupins are usually coordinated by hydrophilic amino acid residues (20) . Structural analyses showed that hydrophilic amino acid residues are also present in the active site of DddQ, including Tyr120, His123, His125, Glu129, Tyr131, and His163 (Fig. 4A) . Among these residues, His125, Glu129, Tyr131, and
His163 form coordination bonds with Zn
. In addition, residues His123, His125, and Glu129 in the active site of DddQ form a common structural motif, the 2-His-1-carboxylate facial triad, whose function is usually to stabilize metal ions, but not to participate in catalysis (25) (26) (27) . It is notable that Tyr131 has variable conformations in the DddQ structure. Tyr131 has a deviation of ∼25°between confirmation 1 (C1) and conformation 2 (C2) (Fig. 4B) . When in C2, Tyr131 has a distance of 4.40 Å to Zn 2+ , which is too far to form a coordination bond with this ion. Instead, an oxygen atom from the sulfonic acid group of the Mes molecule in the WT DddQ structure or from the DMSP carboxyl group in the Tyr131Ala/DMSP complex structure coordinates with Zn 2+ in these structures (Fig. 4 B and  C) . It therefore appears that the coordination of Tyr131 to Zn 2+ is replaced when a DMSP molecule enters the active site, and the liberated Tyr131 swings to C2.
The DMSP lyases DddQ, DddL, and DddW all belong to the cupin superfamily and contain two conserved cupin motifs: motif 1, G(X) 5 HXH(X) 3,4 E(X) 6 G, and motif 2, G(X) 5 PXG(X) 2 H(X) 3 N (20) . Sequence alignment of the cupin regions of DddQ, DddL, and DddW proteins is shown in Fig. 4D . Residues His123, His125, and Glu129 of DddQ are located in motif 1, and His163 is located in motif 2. These residues are all conserved in cupin proteins, including DMSP lyases. Although Tyr120 and Tyr131 in motif 1 show little conservation in other cupin proteins (20) , Tyr120 is highly conserved and Tyr131 is invariant in DMSP lyases (Fig.  4D) . The conservation of these residues implies that they have important biological function in DMSP lysis. To confirm the importance of the hydrophilic residues in the active site of DddQ, besides Tyr131Ala, other site-directed mutations were generated: Tyr120Ala, His123Ala, His125Ala, Glu129Ala, Glu129Gln, and His163Ala. All of the mutations dramatically decreased the activity of DddQ toward DMSP (Fig.  4E) . CD spectroscopy analysis showed that the secondary structures of the mutants exhibited little deviation from that of WT DddQ (Fig. 4F) , indicating that the decrease in the enzymatic activities of the mutants resulted from residue replacement rather than structural changes. Although Tyr120 and His123 in DddQ, which are conserved in cupin-containing DMSP lyases, do not coordinate with Zn
, their replacement with hydrophobic residue, alanine, led to a dramatic loss of DddQ activity. The mutation results indicate that the hydrophilicity of the residues in the active site of DddQ is essential for DMSP cleavage. Therefore, both the structural analyses and mutation results indicate that the hydrophilic residues in the active site of DddQ play key roles in DMSP cleavage into DMS and acrylate.
Mechanism of DMSP Cleavage to Generate DMS by the Bacterial DMSP Lyase DddQ. It is known that the cleavage of DMSP into DMS and acrylate catalyzed by DMSP lyases is a typical alkalineinduced β-elimination (Fig. 5A) (28) . However, the detailed mechanism of DMSP cleavage remains unclear due to the lack of DMSP lyase structures. Based on structural analyses, MD simulations, and mutational assays, a mechanism for DMS generation through DMSP cleavage catalyzed by DddQ is proposed. In the absence of DMSP, His125, Glu129, His163, and Tyr131 in the active site form four coordination bonds with Zn 2+ to stabilize the structure of DddQ (Fig. 5B ). When approaching a DMSP molecule, DddQ is in its open state to allow DMSP entry. After DMSP enters the active site, the oxygen atom of the carboxyl group of DMSP forms a coordination bond with Zn 2+ and replaces Tyr131, as observed in the DddQ structure. Then, the liberated Tyr131 deviates by ∼25°from C1 to C2 (Fig. 5C ). This deviation decreases the distance between the oxygen atom of Tyr131 and the C α of DMSP, resulting in the interaction of the C α proton with the negatively charged oxygen atom of Tyr131, leading to the formation of a C α carbanion. The carbanion attacks C β , which weakens the S-C β bond of DMSP (Fig. 5D ). This reaction cascade forms a DMSP-DddQ intermediate (Fig.  5E) , in which the proton of C α -H is abstracted, leading to the breaking of the S-C β bond and formation of C α =C β double bond of DMSP, whereas an O-H bond of Tyr131 in DddQ is formed. Consequently, DMSP is converted to DMS and acrylate, which are released from the active site of DddQ (Fig. 5F ). After the reaction, Tyr131 can reform a coordination bond with Zn 2+ , ready for the next reaction. Therefore, Tyr131 in DddQ serves as a base to initiate the β-elimination reaction in DMSP cleavage.
According to the proposed mechanism of DMSP lysis by DddQ, molecules containing sulfonic acid groups or carboxyl groups should be able to inhibit the enzymatic activity of DddQ toward DMSP. To confirm our hypothesis, we assessed the effect of 2 mM/10 mM sodium acetate, sodium propionate, or ethanesulfonic acid on the activity of DddQ toward DMSP. The activity of DddQ was inhibited to different extents in the presence of these substances (Fig. 6 ), supporting our proposed mechanism of DddQ-involved DMSP cleavage. However, it is reported that the concentrations of 70% of the intracellular metabolites in bacteria, e.g., E. coli, are lower than 1 mM (29) . Therefore, it seems that this inhibition might not be going on in the R. lacuscaerulensis ITI_1157 cells because of the low intracellular concentrations of these inhibitors. Also it has been reported that bacteria catabolizing DMSP, e.g., Ruegeria pomeroyi DSS-3, concentrate this substrate to high-mM intracellular concentrations (30); thus DMSP is likely to be significantly more available for lysis by DddQ than any inhibitor. In addition, the acrylate generated by the DMSP cleavage pathway is likely swiftly converted to acetyl-CoA and metabolized, and the generated DMS is lost by diffusion through the bacterial cell membrane (31) . Thus, the acrylate and DMS generated by DMSP cleavage in bacterial cells probably cannot accumulate to a concentration high enough to inhibit the DMSP cleavage reaction.
Conclusion
Oceanic DMS production via DMSP cleavage is an important step in the global sulfur cycle. Although there are at least six different types of DMSP lyases found in bacteria, the DddQ lyase genes are among the most abundant in the ocean bacterial metagenomes (12), suggesting their important role in bacterial conversion of DMSP to DMS. In this study, the crystal structure of a DddQ lyase was solved, and detailed biochemical and structural analyses were performed. Our results provided a foremost insight into the catalytic mechanism of the DMSP cleavage reaction that may be common for all cupin motif-containing DMSP lyases including DddQ, DddL, and DddW. This study offers a better understanding of how marine bacteria cleave DMSP to generate the climatically important gas DMS.
Materials and Methods
Bacterial Strains and Growth Conditions. R. lacuscaerulensis ITI_1157 was purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures and was cultured in 514 medium at 40°C for 2 d according to the provided protocol (www.dsmz.de/). E. coli strains DH5α and BL21 (DE3) were grown in LB medium at 37°C.
Gene Cloning, Point Mutation, and Protein Expression and Purification. The DddQ gene was amplified from the genomic DNA of R. lacuscaerulensis ITI_1157 using PCR and was subcloned into the pET22b (Novagen) vector with a C-terminal His tag. All of the point mutations in DddQ were introduced using PCR-based methods and were verified by DNA sequencing. The WT DddQ protein and all mutants were expressed in E. coli strain BL21 (DE3). The cells were cultured at 37°C in LB medium to an OD 600 of 0.8-1.0 and then induced at 20°C for 16 h with 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The proteins were purified first with Ni 2+ -NTA resin (Qiagen) and then fractionated by anion exchange chromatography on a Source 15Q column and gel filtration on a Superdex G75 column (GE Healthcare).
Enzyme Assays. To measure the enzymatic activity of DddQ, DddQ (at a final concentration of 3 μM) and DMSP (at a final concentration of 75 nM) were mixed in reaction buffer containing 10 mM Tris-HCl (pH 8.0) and 100 mM NaCl in a total volume of 1 mL. After the mixture was incubated at 30°C for 30 min, DMS was detected by gas chromatography using a flame photometric detector (GC2014, SHIMADZU). To determine the optimal temperature for DddQ, reaction mixtures were incubated at 4°C, 20°C, 30°C, 40°C, or 50°C for 30 min. The optimum pH for DddQ was examined using Britton- 6 . The inhibitory effects of substances containing a sulfonic acid group or carboxyl group on the enzymatic activity of DddQ. SA, sodium acetate; SP, sodium propionate; EA, ethanesulfonic acid. The activity of DddQ with no inhibitor was used as a reference (100%).
acetate, sodium propionate, and ethanesulfonic acid) at final concentrations of 2 or 10 mM on the enzymatic activity of DddQ were measured at the optimum pH and temperature for DddQ. The enzymatic activities of all of the point mutants of DddQ were also examined at the optimum pH and temperature.
Crystallization and Data Collection. The purified DddQ protein was concentrated to ∼5 mg/mL in 10 mM Tris-HCl (pH 8.0) and 100 mM NaCl. Initial crystallization trials for DddQ were performed at 20°C using the sitting drop vapor diffusion method. Diffraction-quality crystals of DddQ were obtained in hanging drops containing 0.2 M sodium chloride, 0.1 M Mes (pH 6.0), and 20% (wt/vol) polyethylene glycol 2000 monomethyl ether at 20°C after 1 wk incubation. X-ray diffraction data were collected on the BL17U1 beamline at the Shanghai Synchrotron Radiation Facility using Area Detector Systems Corporation Quantum 315r. The initial diffraction data sets were processed by the HKL2000 program (33) .
To obtain crystals of the DddQ/DMSP complex, an inactive mutant of DddQ, Tyr131Ala, was expressed and purified. The purified Tyr131Ala mutant was mixed with DMSP at a molar ratio of 1:2, and this mixture was incubated at 4°C for 30 min in the dark because of the instability of DMSP. Crystals of the Tyr131Ala/DMSP complex were obtained under the same conditions as those used for WT DddQ.
Structure Determination and Refinement. The crystals of both WT DddQ and the Tyr131Ala/DMSP complex belong to the P2 1 2 1 2 1 space group. The structure of DddQ was determined by molecular replacement using the CCP4 program Phaser (34) with RnDddQII from R. nubinhibens ISM (PDB code: 4B29) as the search model. The structure of the Tyr131Ala/DMSP complex was determined using WT DddQ as the search model. The refinement of the WT DddQ and Tyr131Ala/DMSP complex structures was performed using Coot (35) and Phenix (36). All of the structure figures were processed using the program PyMOL (www.pymol.org/).
Detection of Metal Ions. To detect the metal ions in DddQ, 8 μM DddQ in 10 mM Tris-HCl (pH 8.0) and 100 mM NaCl was subjected to AAS analysis using an atomic absorption spectrophotometer (TAS-990, PGeneral). The sample was filtered with a 0.2-μm filter membrane before detection. The elements Cu, Fe, Mn, Zn, Cr, and Cd in the sample were analyzed by AAS.
CD Spectroscopy Assays. WT DddQ and all of the mutants were subjected to CD spectroscopy assays at 25°C on a J-810 spectropolarimeter (Jasco). CD spectra of the DddQ proteins at a final concentration of 6 μM were collected from 250 to 200 nm at a scan speed of 200 nm/min with a path length of 0.1 cm. All DddQ proteins were in buffer containing 10 mM Tris-HCl (pH 8.0) and 100 mM NaCl.
MD Simulations. The MD simulations for DddQ were performed using the NAMD program suite (37) . The model was placed in a rectangular box with a size of 53 × 50 × 45 Å under periodic boundary conditions. Sodium and chlorine ions were randomly spread and located at least 5 Å from the model and at least 5 Å from each other. The entire system was minimized during the following 1 ns. Then, the equilibrated system was subjected to a 50-ns MD simulation at 300 K. The MD simulation ran on 80 cores of the Inspur Tiansuo at the Supercomputing Center of Shandong University. The average wall clock time was approximately 3 h for a 1-ns simulation.
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Li et al. 10 .1073/pnas.1312354111 Movie S1. Molecular dynamics simulations of DddQ without Mes. Molecular dynamics simulations for WT DddQ with the 2-(N-morpholino)ethanesulfonic acid molecule removed were performed for 50 ns, and the motion of DddQ during the simulation was shown. Loop 1 (Lys74-Thr78) and loop 2 (Asn184-Arg188) are colored in orange. Side chains of residues on loops 1 and 2 are displayed, and the distance between these two loops is labeled. A tendency of broadening in the distance between these two loops is observable during the dynamic motion.
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